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SUMMARY 


The  past,  present,  and  probable  future  research  activities  of  NASA 
with  respect  to  applications  of  variable  geometry  are  outlined.  A  gen¬ 
eral  discussion  is  given  of  the  reasons  for  considering  variable  geometry. 
Past  developments  are  summarized  to  show  how  they  have  resulted  in 
increased  operational  flexibility  of  aircraft.  Hlnphasis  is  placed  on 
the  variable-sweep  program.  The  historical  aspects  and  objectives  of 
this  activity  are  described  briefly.  The  various  approaches  that  have 
been  investigated,  along  with  some  of  their  advantages,  are  described. 

The  scope  of  the  NASA  program  with  respect  to  configurations,  mission 
studies,  structures,  mechanisms,  flutter,  and  piloting  problems  is  out¬ 
lined.  The  Report  concludes  with  a  brief  expression  of  thoughts  on 
possible  future  applications  of  variable  geometry  to  both  aeronautics 
and  space  programs. 
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NASA  VARIABLE -GEOMETRY  RESEARCH 


Thomas  A.  Toll*,  Edward  C.  Polhamus**,  William  S.  Aiken,  Jr.*** 


DISCUSSION 

Variable  geometry  in  aircraft  design  has  received  so  much  attention  recently  that 
some  may  regard  it  as  a  new  concept.  This  is  far  from  true;  in  fact,  a  little  reflec¬ 
tion  on  events  of  the  past  will  show  clearly  that  advances  in  aeronautics  have  been 
closely  linked  to  the  introduction  of  many  different  variable-geometry  features.  The 
following  tabulation  is  only  a  partial  list  of  significant  variable-geometry  items, 
ranging  in  approximately  chronological  order  from  the  wing  flaps,  which  were  devised 
at  a  very  early  date  to  provide  attitude  control,  to  the  popular  item  of  today  -  variable 
wing  sweep. 


Flaps  (control  and  lift) 

Retractable  landing  gear 
Wing  leading-edge  slots  and  flaps 
Variable-pitch  propellers 
Jettisonable  fuel  tanks 
Engine  cowl-air  flaps 
Drag  brakes 

Swivelling  propellers,  engines,  and  nozzles  for  VTO 

Variable  exhaust  nozzles 

Variable  wing  incidence 

Folding  fins 

Folding  wing  tips 

Retractable  windshield  fairing 

Variable  inlets 

Variable  wing  sweep. 

The  expression  'multi-mission  capability'  has  also  received  considerable  stress  in 
recent  years.  Again,  this  is  not  a  recent  Innovation.  In  fact,  the  aircraft  of  20 

to  30  years  ago,  though  limited  in  performance,  were  used  for  a  greater  variety  of 
missions  than  are  most  of  our  modern  aircraft.  The  use  of  variable -geometry  features 
certainly  added  to  the  mission  capabilities  of  the  early  aircraft.  Consider,  for 
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example,  the  retractable  landing  gear  used  in  conjunction  with  a  flying -boat  hull  to 
permit  amphibious  operations,  or  the  jettisonable  fuel  tanks  which  provided  our  World 
War  II  fighters  with  a  very  respectable  ferry  range. 

The  breadth  of  mission  capability  narrowed  appreciably  as  we  progressed  into  the 
transonic  and  supersonic  speed  ranges.  We  tended  to  accept,  essentially,  a  single¬ 
mission  capability,  because  our  demand  for  the  maximum  possible  speed  was  of  overriding 
importance  and  could  be  compromised  only  to  the  extent  necessary  to  provide  the  minimum 
acceptable  performance  for  off-design  conditions.  Nevertheless,  new  variable-geometry 
features  continued  to  be  introduced,  if  for  no  other  reason  than  to  allow  the  airplane 
to  function  satisfactorily  over  a  wide  Mach  number  range.  In  this  category  are  variable 
wing  incidence  and  folding  fins,  as  used  on  the  Mach  2  Navy  F8U  fighter,  and  the  folding 
wing  tips,  retractable  windshield  fairing,  and  variable  inlets  of  the  Mach  3  North 
American  Aviation  B-70.  Attempts  to  provide  genuine  multi-mission  capability  in  high- 
performance  aircraft,  however,  have  been  taken  seriously  only  within  the  last  few  years. 

The  following  factors  are  considered  to  be  pertinent  in  establishing  the  feasibility 
of  new  aircraft: 


(a)  State  of  the  art 

Aerodynamics 

Propulsion 

Structures 

Operations 


Design  ingenuity 


(b)  Mission  requirements 


(c)  Cost. 

The  primary  factors  are  the  state  of  the  art,  mission  requirements,  and  cost  -  with 
the  state  of  the  art  normally  assumed  to  be  composed  of  the  basic  areas  of  aerodynamics, 
propulsion,  structures,  and  operations.  It  should  not  be  assumed  that  the  limit  of 
what  can  be  accomplished  within  the  state  of  the  art  will  automatically  evolve  from 
the  level  of  knowledge  in  these  four  basic  areas.  Design  ingenuity  is  shown,  therefore, 
as  a  contributing  item,  since  it  plays  a  very  important  role  in  establishing  what  can  be 
done. 


The  manner  in  which  new  aircraft  designs  come  about  does  not  always  proceed  according 
to  the  same  pattern.  Often,  a  mission  requirement  is  first  defined.  If  this  is  deter¬ 
mined  to  be  within  the  state  of  the  art,  the  project  may  proceed  rapidly,  assuming,  of 
course,  that  the  cost  is  not  excessive.  Sometimes,  an  advance  in  the  state  of  the  art 
is  necessary  before  the  mission  requirements  can  be  met,  and,  at  other  times,  the  exer¬ 
cise  of  unusual  design  ingenuity  will  point  the  way  to  a  means  for  meeting  the  mission 
requirements  with  no  advances  in  any  of  the  four  basic  areas  under  the  state  of  the 
art.  There  have  been  many  instances  in  which  mission  capabilities  have  been  highlighted 
as  a  result  of  a  breakthrough  in  one  of  the  items  under  the  state  of  the  art.  In  such 
instances,  a  requirement  may  not  appear  until  the  full  significance  of  the  breakthrough 
is  appreciated.  This  has,  at  times,  been  the  situation  following  a  variable-geometry 
innovation. 
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Figure  1  illustrates  Improvements  that  have  been  achieved  as  a  result  of  the  applica¬ 
tion  of  three  variable-geometry  features.  Listed  at  the  left  are  the  capabilities  of 
take-off  and  landing,  range,  maximum  speed,  rate  of  climb,  rough-air  response,  and 
sonic-boom  alleviation.  The  solid  bars  give  a  qualitative  rating  in  the  scale  from 
poor  to  good  that  would  exist  if  a  particular  variable-geometry  feature  were  not 
included  in  the  design.  The  extensions  to  the  bars  indicate  the  improvements  that 
result  from  incorporating  the  variable-geometry  features. 

The  first  section  of  Figure  1  illustrates  the  gains  realized  from  adding  variable- 
pitch  propellers  to  an  airplane  design  typical  of  the  1940  time  period.  The  increased 
thrust  available  at  low  forward  speeds  permitted  a  substantial  improvement  in  take-off 
characteristics  and  in  the  rate  of  climb.  The  landing  run  was  shortened  as  a  result 
of  the  ability  to  reverse  the  thrust.  Range  and  maximum  speed  were  improved  by  being 
able  to  operate  at  maximum  propeller  efficiency  and,  to  some  extent,  by  being  able  to 
select  a  wing  area  more  nearly  compatible  with  cruise  requirements,  since  compromises 
to  satisfy  other  flight  conditions  were  not  as  severe. 

The  second  part  of  Figure  1  illustrates  the  result  of  applying  high-lift  flaps  to 
an  airplane  design  of  the  1950*  s.  Again,  although  the  most  significant  improvement 
was  achieved  in  the  take-off  and  landing  category,  gains  did  result  in  all  items, 
including  rough-air  response  as  a  result  of  the  ability  to  use  a  higher  wing  loading. 

The  third  part  of  Figure  1  shows  the  improvements  expected  to  result  from  incorpora¬ 
ting  variable  wing  sweep  in  an  aircraft  design  appropriate  to  the  1960  time  period. 

It  is  assumed  that  supersonic  capability  is  required.  In  this  case,  very  substantial 
gains  are  to  be  expected  in  take-off  and  landing  performance  and  in  range,  if  accom¬ 
plished  subsonically,  because  of  the  ability  to  convert  the  aircraft  to  an  efficient 
subsonic  configuration.  Rate  of  climb  also  is  improved,  and  some  alleviation  of  the 
sonic  boom  results  from  the  ability  to  accelerate  to  supersonic  speeds  at  a  higher 
altitude.  A  substantial  improvement  in  rough-air  response  results  from  the  ability 
to  use  a  higher  sweep  angle  and  smaller  wing  area  than  could  possibly  be  tolerated  in 
a  fixed-geometry  configuration.  Some  slight  gain  in  maximum  speed  also  can  be  expected, 
since  it  is  perhaps  possible  to  provide  a  more  nearly  optimum  high-speed  configuration. 

Figure  1  is  intended  to  bring  out  the  point  that  the  introduction  of  a  variable- 
geometry  feature  frequently  makes  it  possible  for  an  airplane  to  operate  in  a  more 
nearly  optimum  configuration  over  a  greatly  increased  range  of  operating  conditions. 
Improvements,  therefore,  may  be  reflected  in  nearly  all  of  the  operating  characteristics. 
Balanced  against  these  improvements  is  the  possibility  of  associated  increases  in 
weight,  complexity  and  cost  that  may  cause  the  variable -geometry  feature  to  be 
unacceptable.  These  possibilities  in  the  past  were  the  basis  for  strong  counter¬ 
arguments,  particularly  with  respect  to  the  introduction  of  slotted  lift  flaps, 
variable -pitch  propellers,  and  retractable  landing  gear.  They  will  continue  to  pro¬ 
vide  valid  arguments  with  respect  to  future  proposals  for  variable-geometry  features, 
and  whether  they  outweigh  the  claimed  advantages  of  the  item  will  depend  largely  on 
the  ingenuity  of  the  designer  in  providing  an  efficient  system. 

The  aerodynamic  factors  that  have  led  to  the  recent  interest  in  varying  the  sweep 
angle  of  aircraft  wings  will  now  be  considered  briefly.  The  maximum  lift-drag  ratio 
is  shown  in  Figure  2  as  a  function  of  Mach  number  for  three  airplane  configurations. 

The  first  configuration  can  be  regarded  as  a  near-optimum  subsonic  design,  which 
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provides  a  lift-drag  ratio  somewhat  above  20  for  subcritical  Mach  numbers,  but  cannot 
be  considered  as  a  supersonic  or  even  transonic  design.  The  next  configuration  might 
be  regarded  as  optimum  in  the  Mach  range  from  2  to  about  3,  but  is  very  unattractive 
at  subsonic  speeds.  Also  shown  is  a  configuration  that  is  referred  to  as  a  fixed- 
geometry  compromise.  This  can  be  regarded  as  a  practical  airplane  designed  for  opera¬ 
tion  in  the  Mach  2  to  3  range,  but  without  benefit  of  any  unusual  variable-geometry 
feature.  Note  that  only  a  relatively  small  improvement  is  obtained  at  subsonic  speeds 
with  the  fixed-geometry  compromise  when  it  is  desired  to  approach  closely  the  optimum 
supersonic  performance. 

The  very  wide  difference  in  subsonic  lift  value  that  is  achievable  for  the  optimum 
subsonic  and  the  optimum  supersonic  designs  is  illustrated  in  Figure  3.  Again,  the 
fixed-geometry  compromise  falls  far  short  of  providing  the  values  of  lift  coefficient 
given  by  the  subsonic  configuration  over  the  range  of  angles  of  attack  that  can  be  used 
in  landing  and  take-off. 

Figure  4  compares  gust  response  in  gravity  units  for  the  three  configurations.  This 
item  is  of  considerable  importance  for  high-speed  aircraft  in  that  it  has  a  strong 
bearing  on  passenger  comfort,  pilot  fatigue,  structural  loading,  and  accuracy  of  weapon 
delivery.  The  results  shown  apply  to  the  response  of  an  airplane  with  a  wing  loading 
of  60  lb/ft2  to  a  simple  sharp-edged  gust  of  50  ft/sec  vertical  velocity  at  sea  level. 
The  low-aspect-ratio  airplane  designed  for  optimum  supersonic-cruise  performance  is 
characterized  by  a  considerably  milder  response  than  the  subsonic  configuration,  and 
the  fixed-geometry  compromise  is  only  slightly  inferior  to  the  optimum  supersonic 
design.  It  is  of  interest  to  consider,  with  respect  to  gust  response,  that  an  airplane 
having  a  variable-geometry  wing  can,  conceivably,  experience  gust  response  that  is  even 
lower  than  that  of  the  airplane  designed  for  optimum  supersonic-cruise  performance, 
since  the  wing  area  can  possibly  be  reduced  below  that  desired  for  cruise. 

The  results  given  in  Figures  12,  13  and  14  make  it  possible  to  define  roughly  the 
primary  design  requirements  associated  with  a  broad  operational  range  (or  multi -mission) 
capability.  This  is  illustrated  in  Figure  5.  The  key  design  feature  for  the  capabili¬ 
ties  of  long  duration,  long  range,  and  short-field  operation  in  take-off  and  landing 
is  the  long-span,  unswept  wing  that  is  typical  of  our  older  subsonic  airplanes. 

Efficient  supersonic  cruise  requires  a  high  wing-sweep  angle,  but  there  are  definite 
acceptable  lower  limits  to  the  wing  area  and  the  aspect  ratio.  The  capability  of 
operating  satisfactorily  during  low-level  penetration  requires  that  the  wing  area  be 
very  small  in  order  to  minimize  gust  response  and  to  reduce  drag.  If  it  is  desired, 
therefore,  to  combine  all  five  of  these  capabilities  in  a  single  airplane,  a  variable- 
geometry  scheme  must  be  devised  to  approximate  the  range  of  wing  configurations. 

Many  of  the  thoughts  that  we  have  summarized  occurred  to  several  research  workers 
shortly  after  the  advantages  of  high  sweep  angles  for  supersonic  flight  first  became 
evident.  It  was  as  a  result  of  such  considerations  that  a  research  program  was  started 
by  theN.A.C.A.  shortly  after  the  Second  World  War.  This  program  explored  several  schemes 
for  varying  the  wing-sweep  angle  and  eventually  led  to  approval  for  construction  of 
two  variable-sweep  airplanes  as  a  part  of  the  joint  NACA/Air  Force/Navy  research  air¬ 
plane  program.  Photographs  of  one  of  these  airplanes  with  its  wing  shown  at  minimum 
and  maximum  sweep  angles  are  shown  in  Figure  6.  The  airplane  was  designated  the  X-5 
and  was  built  by  the  Bell  Aircraft  Corporation.  The  flight  research  program  began  in 
1951  and  was  carried  out  over  a  period  of  several  years. 
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The  wind-tunnel  and  analytical  program  conducted  prior  to  the  X-5  revealed  a  basic 
stability  problem,  in  that  when  the  wings  were  rotated  about  a  fixed  pivot  point 
located  within  the  fuselage,  the  aerodynamic  center  moved  considerably  aft  relative  to 
the  center  of  gravity,  giving  excessive  stability  as  the  wings  were  rotated  rearward. 

The  solution  chosen  for  the  X-5  involved  mounting  the  wing  bn  rails  so  that  the  wing 
root  could  be  translated  forward  with  respect  to  the  fuselage  as  the  sweep  angle  was 
increased.  The  more-forward  position  is  evident  in  the  photograph  showing  the  wing  at 
the  maximum  sweep  angle.  From  an  operational  standpoint,  this  variable-sweep  system 
was  proven  to  be  perfectly  satisfactory  in  the  flight  program.  The  sweep  angle  was 
varied  in  flight  over  its  entire  range  on  many  occasions,  and  no  mechanical  problems 
appeared.  The  variable-sweep  feature  undoubtedly  did  compromise  the  design  of  the 
X-5  to  some  degree,  since  the  mechanism  was  quite  heavy  and  the  requirement  for  trans¬ 
lation  added  to  the  bulk  of  the  fuselage  in  the  vicinity  of  the  wing  root.  Consequently, 
the  performance  of  the  X-5  was  not  attractive  for  its  time  period;  and,  in  addition, 
there  were  serious  deficiencies  in  both  the  lateral-directional  and  the  longitudinal 
stability  characteristics.  Nevertheless,  the  X-5  proved  to-  be  attractive  in  its  short- 
field  capabilities  for  landing  and  take-off  and  in  its  high  rate  of  climb.  These 
features  and  its  good  loiter  characteristics  made  the  X-5  very  useful  as  a  chase  air¬ 
plane  in  connection  with  the  flight  operations  of  other  research  aircraft. 

Although  the  absence  of  attractive  performance  of  the  X-5  certainly  did  not  add 
much  encouragement  for  variable  wing  sweep  in  the  1953-55  time  period,  it  is  likely 
that  other  factors  contributed  to  the  fact  that  the  concept  was  not  more  widely 
adapted.  At  that  time  there  was  little  hope  for  achieving  sustained  supersonic  cruise 
with  any  configuration,  and,  with  the  requirement  limited  to  supersonic  dash,  a  fixed 
configuration  that  was  less  than  optimum  supersonically,  and  still  acceptable  subsonic- 
ally,  seemed  to  be  an  acceptable  compromise  to  the  military  services. 


Advances  in  the  state  of  the  art  with  respect  to  both  configurations  and  propulsion 
resulted  in  some  change  in  the  climate  for  variable-wing  geometry  during  the  years  from 
1956  to  1958.  It  became  apparent  that  extended  supersonic  cruise  could  be  achieved, 
but  that  the  operations  seemed  to  be  limited  essentially  to  a  single  design  mission. 

Hope  for  greater  mission  breadth  was  revived,  however,  as  a  result  of  additional 
research  conducted  in  this  time  period  on  variable -sweep  concepts  by  both  the  British 
and  the  N.A.C.A.  This  work  resulted  in  defining  variable-sweep  systems  that  were 
compatible  with  the  requirements  for  supersonic  cruise.  The  results  of  the  NACA  research 
program  appeared  to  provide  a  fundamental  basis  for  practical  variable-sweep  arrange¬ 
ments  that  required  no  wing  translation.  It  was  shown  that  the  lifting  area  of  an  air¬ 
plane  could  be  divided  between  fixed  and  movable  portions  in  such  a  manner  that  move¬ 
ments  of  the  aerodynamic  center  caused  by  sweep  variation  did  not  present  a  serious 
stability  problem.  Figure  7  provides  an  explanation  of  the  concept.  Two  configurations 
are  shown;  one  with  the  wing  pivot  located  at  the  edge  of  the  fuselage,  and  the  second 
with  the  pivot  located  in  a  more  outboard  position.  Plotted  at  the  bottom  of  the 
Figure  is  the  distribution  of  wing  aerodynamic  loading  along  the  length  of  the  air¬ 
plane.  For  the  inboard  pivot,  it  is  obvious  that  the  aerodynamic  center  -  as  represented 
by  the  vectors  -  moves  rearward  as  the  sweep  angle  is  increased.  When  the  pivot  is 
located  at  a  selected  outboard  position,  however,  the  aerodynamic  center  for  the  swept 
configuration  may  be  at  the  same  location  as  that  for  the  unswept  configuration,  or 
even  slightly  forward.  This  results  from  the  fact  that  the  lift  on  the  movable  panel 
decreases  as  the  sweep  angle  is  increased,  but,  to  maintain  constant  lift  on  the  entire 
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airplane,  the  angle  of  attack  must  be  increased  -  thereby  increasing  the  proportion  of 
the  total  load  carried  on  the  forward  fixed  portion.  By  careful  design,  a  pivot  loca¬ 
tion  can  be  determined  which  will  result  in  a  balance  in  the  moments  due  to  loads  on 
the  fixed  and  movable  wing  portions,  thus  providing  essentially  the  same  stability  for 
both  minimum  and  maximum  sweep.  It  should  be  pointed  out  that  if  a  design  is  selected 
in  which  the  fixed  portion  is  displaced  considerably  forward  of  the  movable  portion, 
as  with  a  canard  configuration,  the  pivot  point  can  probably  be  located  somewhat  inboard 
of  the  location  otherwise  required. 

Airplanes  with  variable-sweep  wings  must,  of  course,  still  contend  with  the  problem 
of  a  rearward  movement  of  the  center  of  pressure  associated  with  the  change  in  load 
distribution  in  going  from  subsonic  to  supersonic  speeds,  as  shown  in  Figure  8.  It  is 
assumed  that  the  wing  sweep  is  programmed  from  the  minimum  angle  to  the  maximum  angle 
in  the  transonic  Mach  number  range,  as  indicated  at  the  top  of  the  Figure.  At  the 
bottom  of  the  Figure,  the  aerodynamic  center  is  expressed  as  a  percentage  of  the  wing 
chord  for  the  maximum-sweep  condition.  Note  that  for  the  outboard  pivot  location  the 
change  in  aerodynamic  center  in  going  from  subsonic  to  low  supersonic  speeds  is  about 
20  per  cent  of  the  wing  chord,  or  roughly  the  same  as  would  be  expected  of  a  fixed- 
geometry  configuration  over  this  Mach  number  range.  In  approaching  Mach  3,  the  aero¬ 
dynamic  center  moves  forward,  as  is  expected,  because  of  the  decreased  effectiveness 
of  the  wing  in  producing  moments  about  the  center  of  gravity,  in  comparison  to  that  of 
the  fuselage.  At  a  cruise  speed  in  the  neighborhood  of  Mach  2  to  3,  a  stability  level 
low  enough  to  avoid  excessive  trim  drag  can  therefore  be  achieved  with  the  outboard 
pivot  location.  On  the  other  hand,  the  stability  level  at  supersonic  speeds  for  the 
inboard  pivot  configuration  is  very  high  on  a  rigid  airplane  and  would  result  in 
excessive  performance  penalties  as  well  as  problems  of  controllability  and  loads. 

Some  alleviation  of  the  high  stability  level  may,  in  some  cases,  result  from  aeroelastic 
effects. 

The  NASA  (formerly  NACA)  variable-sweep  research  program  developed  rapidly  after  a 
practical  method  for  overcoming  the  stability  problem  appeared  to  be  in  hand.  Figure  9 
gives  an  indication  of  the  technical  areas  included.  Note  that  the  work  on  configura¬ 
tions  became  intensive  in  late  1958  and  is  still  active,  with  the  effort  now  directed 
toward  various  design  refinements  as  well  as  to  new  applications.  The  extensive  con¬ 
figuration  studies  performed  have  indicated  that  practical  configurations  can  be 
designed  that  approach  closely  the  ideal  performance  potential  of  the  variable-sweep 
concept.  Mission  analyses  were  started  early  in  1959  and  engine-cycle  analyses  began 
early  in  1960.  Both  are  still  continuing.  Studies  of  sweep  mechanisms  (including 
structural  optimization)  were  a  high-priority  item  for  about  two  years  and  are  con¬ 
tinuing  now  on  a  reduced  level  of  effort.  Research  on  wing  flutter,  piloting  and 
general  operations  began  in  late  1959  and  is  continuing. 

Since  the  design  of  the  wing  pivot  arrangement  was  recognized  from  the  beginning  as 
a  potential  problem,  extensive  analytical  and  experimental  studies  of  various  pivot 
designs  have  been  made  both  by  NASA  and  the  aircraft  industry.  Three  basic  arrangements 
that  were  included  in  the  studies  are  shown  in  Figure  10.  These  are:  first,  the  track 
type;  second,  a  type  in  which  a  large-diameter  bearing  is  used;  and,  finally,  a  type 
employing  a  clevis  and  pin,  which  is  illustrated  for  an  inboard  pivot  location,  although 
an  outboard  pivot  can  probably  also  be  used.  Each  of  these  arrangements  was  tested 
extensively,  and  it  is  probable  that  any  one  could  be  applied  successfully.  In  the 
NASA  tests  of  the  track-type  pivot,  a  large  model  was  constructed  to  represent  the 
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pivot  region,  including  portions  of  the  wing  structure  inboard  and  outboard  of  the 
pivot.  Static  loads  were  applied  to  determine  stiffness  and  stress-influence  coeffici¬ 
ents  at  various  locations  on  the  wing.  Vibration  surveys  were  made  to  determine  natural 
frequencies  and  mode  shapes.  The  experimental  data  were  compared  with  calculated 
results.  Structural-damping  measurements  also  were  made.  Skin  strains  were  measured 
at  49  stations  and  shear  strains  at  21  locations.  Vertical  deflections  were  measured 
by  strain  gages  and  horizontal  deflections  by  dial  gages.  The  measurements  were  made 
under  various  simulated  loading  conditions  while  the  sweep  angle  was  varied  repeatedly 
between  20°  and  102°.  The  results  have  been  applied  to  the  development  of  stiffness 
criteria  with  respect  to  static  loading  and  flutter  conditions. 

The  possibility  of  wing  flutter  also  was  recognized  as  a  potential  problem  area. 

Many  wind-tunnel  and  theoretical  studies  have  been  completed,  and  the  design  parameters 
required  for  avoiding  flutter  are  fairly  well  established.  Some  interesting  results 
from  one  of  the  studies  are  shown  in  Figure  11.  Models  were  prepared  to  represent  the 
three  sweep  angles  shown.  The  panels  were  dynamically  and  elastically  scaled  and 
simulated  the  elastic  restraint  at  the  pivot  point.  Tests  were  made  at  various  fixed 
Mach  numbers  while  the  dynamic  pressure  was  increased  until  flutter,  as  indicated  by 
strain-gage  outputs,  was  indicated.  The  flutter  boundaries  determined  from  the  tests 
are  shown  in  relation  to  curves  representing  various  altitudes.  Flutter  was  encountered 
at  dynamic  pressures  above  the  boundaries  shown  for  the  various  sweep  angles.  The 
absolute  levels  of  the  flutter  boundaries  are,  of  course,  a  function  of  the  actual 
structural  characteristics.  The  relative  effect  of  wing  sweep  shown  is  typical,  how¬ 
ever,  of  most  designs,  and  it  will  be  noted  that  the  effect  of  sweep  angle  on  flutter 
tends  to  be  compatible  with  performance  requirements,  in  that  the  higher  sweep  angles 
are  flutter-free  to  higher  dynamic  pressures.  It  appears,  therefore,  that  flutter  can 
be  avoided  in  actual  missions  by  suitable  programming  of  the  wing  sweep  with  Mach 
number  and  altitude. 

In  this  Report  we  have  touched  only  briefly  on  the  variable-sweep  program  that  has 
been  carried  out  by  NASA  over  the  past  several  years.  It  is  believed  that  the  program 
has  been  sufficiently  extensive  to  demonstrate  conclusively  the  potential  for  accomplish¬ 
ing  a  considerably  greater  mission  breadth  by  use  of  variable  sweep  than  is  possible 
when  fixed-geometry  wings  are  used.  In  order  that  the  basic  studies  might  be  applied 
more  directly  to  specific  military  and  commercial  aircraft,  some  first-order  attempts 
at  airplane  design  studies  were  made.  Two  of  these  designs  are  illustrated  in  Figure 
12.  At  the  left  is  a  possible  layout  to  meet  a  multi -mission  requirement  of  a  military 
aircraft.  The  wings  are  shown  at  the  three  sweep  angles  recommended  for  subsonic 
operation,  supersonic  cruise  and  low-level  penetration.  This  configuration  was  studied 
extensively  by  both  NASA  and  industry  and  contributed  significantly  to  the  development 
of  the  TFX  (F-lll)  concept.  The  layout  shown  at  the  right  represents  a  somewhat 
different  approach  in  which  the  wing,  when  folded  back,  forms  the  leading  edge  of  essen¬ 
tially  an  arrow-wing  configuration.  This  second  layout  is  of  a  type  that  might  be 
considered  for  a  commercial  supersonic  transport.  Other  design  approaches  are  under 
study;  however,  the  two  shown  illustrate  many  of  the  significant  design  features. 

A  somewhat  broader  perspective  of  variable-geometry  applications  can  be  obtained 
by  considering  the  short  history  of  the  space  program.  Figure  13  shows  the  system  in 
use  in  the  Mercury  program  in  which  a  parachute  is  deployed  in  order  to  accomplish 
safely  the  final  leg  in  the  descent  of  the  space  capsule  to  the  surface  of  the  earth. 

The  recovery  system  for  the  Gemini  capsule  consists  of  a  Rogallo  para-wing,  and 
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represents  a  somewhat  more  sophisticated  application  of  variable  geometry,  in  that  it 
gives  a  maneuverability  capability  as  well  as  the  ability  to  reduce  the  rate  of  sink 
essentially  to  zero  at  the  time  of  contact  with  the  ground. 

In  considering  the  nature  of  manned  space  or  aerospace  missions,  it  seems  evident 
that  there  are  many  possible  applications  for  additional  variable-geometry  developments 
in  the  future.  Each  of  the  various  phases  of  a  space  mission  seems  to  present  unique 
requirements  for  the  configuration  of  the  vehicle.  One  possible  approach  to  a  space 
mission  in  which  the  more  expensive  components  of  the  system  are  recoverable  is  illus¬ 
trated  in  Figure  14.  Basically,  it  is  a  three-stage  system.  The  first-stage  booster 
is  a  winged  airplane  having  a  dual-cycle  engine,  probably  a  turbo-ramjet.  At  prescribed 
velocity  and  altitude,  the  upper  stages  are  launched  and  the  launching  airplane  des¬ 
cends  for  a  conventional  landing  on  an  airfield.  The  second-stage  booster  may  not  be 
recovered;  however,  the  third  stage,  which  achieves  orbital  velocity,  is  capable  of  a 
controlled  re-entry  and  horizontal  landing.  To  achieve  desired  maneuverability,  the 
re-entry  vehicle  may  be  provided  with  variable  geometry,  in  the  form  of  either  variable- 
sweep  wings  or  folding  wing-tip  tails,  as  shown  in  the  sketches  at  the  bottom  of  the 
Figure.  For  the  total  system,  therefore,  there  are  three  major  variable-geometry 
items:  the  three-stage  vehicle,  the  dual -cycle  engine,  and  the  re-entry  vehicle. 


CONCLUDING  REMARKS 

An  attempt  has  been  made  to  show  that  the  introduction  of  variable-geometry  schemes 
has  contributed  substantially  to  the  advancement  of  aeronautics  over  the  entire  history 
of  the  airplane  and  that  a  similar  trend  is  to  be  expected  with  respect  to  the  space 
program.  The  NACA-NASA  program  on  variable  wing  sweep  has  been  outlined,  and  it  is 
contended  that  variable  sweep  is  a  logical  means  for  overcoming  certain  specific 
deficiencies  of  aircraft  in  the  present  time  period.  New  problems  appear  with  the 
introduction  of  any  variable-geometry  item;  however,  based  on  the  experience  accumulated 
over  the  years,  the  problems  are  likely  to  be  overcome  when  the  potential  advantage  of 
the  item  is  sufficiently  large. 
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Fig. 1  Gains  due  to  variable  geometry 
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Fig. 7  Effect  of  pivot  location  on  aerodynamic  loading 
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Fig. 8  Aerodynamic -center  characteristics 
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Pig. 9  NASA  variable-sweep  program 
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Pig. 10  Pivot  arrangements  studied 


Fig. 11  Typical  flutter  boundaries 
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Pig. 13  Applications  of  variable  geometry  to  space  programs 
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Possible  future  applications  of  variable  geometry 
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